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Abstract

Msasurements of the rate of growth of
sea salt particles have been made when the par-
ticle is shifted from an environment of dry air
to one of relative humidity between 80 gsd 1900
percent, For particles ranging from 10<7 to 23102
grams mass, agreemvnt is found with growth times
predicted by an equation which principally differs
from previous derivations in that empirical vapar
pressuvre data are utilized, The growth time is
observed to be independent of wentilation at air
speeds less than 30-4L0 centimeters per second,

The growth equation wes reintegrated un-
der variable humidity and temperature conditions
corresponding to rates of rise observed in the at-
mosphere., The curves thus obtained approximately
trace the growth of sea salt particles rising from
the sea surface to cloud base,
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I Introduction:
Aoccurate information about the growth of miocro-
| goopic sea salt particles by condensation of water vapor

' is necessary for the evaluation of the role of these par-
ticles in the formation of clouds, rain, and fog. Conden-
sational growth has been the subject of theroetical inves-
tigations by Howell (1949), Kraus and Smith (1949), Squires
(1952), Best (1953), and others. In these 1nveatignt16ns,

‘. the use of Raoult's law, and of various other approximations,
made the accuracy of the resulting growth caloulations doubt-
ful,

8ince Woodocoock (1949, 1952) has demonstrated the

presence of large sea salt nuclei (10-8 to lo-lzgra-a) in

- the atmosphere, and since his subsequent investigations in-
‘ dicate that these nuclei may possibly play a dominant role
in thes mechanism of rain production in warm clouds, it was
felt that a careful experimental and thsoretical investiga-
tion of the growth of droplets formed on such nuclei was de-
sirabls., The application of the derived growth equation un-
der variadble temperature and humidity conditions was also
cconcidsred, 35 that a druplet size spectrum in sub-cloud
regions may be obtained from the resultant growth curves and

rrom Wondoook's (1949, 1952) salt particle distridbutions,

i - III The growth equation:

}.

{ In previous investigations, Howell (1949) and
|

others were concerned with nuclel having masses of 10-13 to

-20
10 2 grams which were growing in an atmosphere super-

e
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saturated with water vapor, With such small partiocles,

the effect of surface tension on the droplet vapor pres-

sure was of the same or greater magnitude than the lower-

’ ing caused by dissolved salts. For droplets of the size
with which we are here concerned, surface tension effects
are negligible, and the humidity range of interest is that
below 100%., During much of its growth, the droplet con-
sists of a concentrated solution of sea salt for which the
vapor pressure deviates appreciably from that given by

Raoult's law, For this reason, the recently reported vapcar

pressure measurements of Arons and Kientzler (1953) have

| been empirically incorporated in the theorstical part of

| niauéw., i

our investigation.

i If a sea salt particie is introduced into an 4 ‘
l' atmosphere of sufficiently high relative humidity, the par- ;
ticle will grow to a droplet by condensation of water vapor.

Growth will continue until an equilibrium size is reached,

when the droplet vapor pressure is equal to that of water in
the surrounding atmospheare., Tho growth rate depends primar-
ily upon the vapor pressure gradient between the droplet

surfaoe aid amvient air, This gradient determines the rate

of vapor diffusion to the saline surface of the droplet, and

consequently the rate of condeansation. The heat liberated

by condensation is initially stored in the droplet, hence eol-
s evating its temperature. This has the dual effect of reducing

the vapor gradient and allowing heat conduction away from the




droplet. In the following derivation it is aesumed that

a steady state ocondition in which the vapor and thermal
gradients are interdependent is rapidly obtained. It is
also assumed that the olassiocal laws of diffusion and heat
oconduction apply to these droplets. Howell (1949) has dis-
cussed the limits of applicadbility of these laws and oon-
ocludes that kinetioc theory correction nced not be mmde far
droplets of radius greater than 6-8 mioronms,

It is further assumed that the effeot of other
droplets upon the gradients around a given droplet is neg-
ligible, and that mass divergence is also negligible in
the initial transport equations. These have also been ocon-

sidered by Langmuir (1944) and Howell (1949), and found to

be reasonable assumptions,

The well known rate equations are:

@_ = time rate of mass transport w2l d
0t  of water vapor to the droplet yrD(R) [E%J

?
= time rate of heat transport a2l arT
t  away from the droplet = 4wk (R [S’ﬂ]
Cajglx time rate of heat storage dr 41T

t  in the droplet = chJE ~
1l

See Appendix I for a 1list of the symbols used
throughout this repart.

(1)

(2)

(3)
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Integration of (1) and (2) over space leads to
the usual expressions for the thermal and vapor density
gradients between r, the droplet radius, and a point infi-
nitely removed from r, It is also assumed that all the
vapor which diffuses to the droplet is condensed thereon,
i.e., that ths acoommodation coefficient is unity. 8ubdbsti-
tut;gn of the thermal and vapor gradients in the above

equations leads to the heat and vapor balance equation,

LD(/.-/O) = (k+;%/%61-"§’l;)("-"':) « (4)

The vapor transport equatiocn (1) may be trans-
formed into the well known form which gives the time rate
of change ‘0 droplet radius in terms of the vapor density
gradient,

ra; - 2 (/’ /‘) (5)

Combination of this with (4), and conversion of
vapor density to vapor pressure by means of the ideal gas

law ylelds
r% = (;T(B ‘E) (,,, ”3"‘.) T-T)) (6)

The Clapeyron equation, in its integrated fornm,
can be used to describe the variation of droplet vapor

pressure, p, with droplet temperature, T:

" A d
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P _ m(L_ ')
ln-)?-IL e T T (7)

Sinoe the pressure and temperature differences

are small, equation (7) may be approximated by:
P= r.[u—-—, (T- 'r)] (8)

By rearranging the first and last terms of (6),

an expression for T in terms of 'rl and Pg-g is obtained,

- L ~Or~
-T-T'-r%f'a.t (9)

where
. oz§1+°-§€f‘g£

Substitution of (8) and (9) for Pand T in the
second term of (6) yields: |

£ 283l gin - f)] o

whioch, upon rearrangement and solutiocn of the resulting

quadratic equation gives:

-~ ar . f. | {1 S
'g-t—:z s(p)L.:e[ E;f; | (11)

L 4
where B(‘f) = ,7%’2'?, (Pl - %ft' %)
Clp s,-?;,.% (p-p:)
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Examination of (1l1) shows that C(p) is positive
during droplet growth because of the positive vapor press-
ure gradient necessary for growth, Evaluation of the ex-
pression %?%#; shows that the second term of B(p) is
approximatel; 16 times the leading term, hence B(p) is in-
herently negative., Since 'f‘gg must be positive far growth
to occur, the negative branch of (11) is the one having
physical significance in the present problem,

Since p1 is defined as the ambient vapor pressure,

v is equal to the product of the relative humidity and the
saturation vapor pressure, po' The vapor pressure of the
droplet =t the ambisnt tsmpsraturs, Py, van be considered as
the difference between po and the vapor pressure lowering,
4p. The vapor pressure lowering is, of course, a function of
temperature and the concentration of the droplet.

Droplet concentration is thus indirectly introduced
into (11), and since this is conveniently expressed in terms
of the weight of salt per weight of solution, it would gener-
alize (1l1l) to introduce in place of r a concentration variable,
This would remove any explicit dependence upon particle weight

from the growth equation, Such a variabls is ths "scalsa”

radius, _i
OCu My (12)
and this requires the ftrther substitution of a "scaled™ time,
T TN (13)

T e st atgine S
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! in place of t so that

; do

| g_r: - g (14)
! With these changes equation (1l1) assumes the

X form

a"a’.%' a a(r){ ['*-r,:)]} i T 7aNe ie%n o)

Tatr e 2 {(1- s, - B oo - 5]

C(f) = RLID‘"‘ {(H |) f‘ + AP(O")}

Evaluatiop of the terms on the right hand side of equation

(15) shows that the second term is less than .05 percent of the
- leading term. Since Arons and Kientzler (1953) estimate a 2%
error in the vapor pressure data, equation (15) can be sufri-

olently well approximated as

0’2‘9' {(ﬂ -1)Po+ br(r\}{ﬂ‘"' + ?ﬁf [ f.-Af(,-)] =

ehip]”

An important assumption contained in the fore-

(16)

going development is that the water condensed upon the drop-
let quickly reaches a salinity equivalent to that of a com-

pletely mixed édroplet. At any early stage in the experimen-
;~ - tal work, disagreement between caloulated and experimental
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growth times led to the investigation of the possibility
that outward salt diffusion might be the oonﬁrolling fao-
tor in growth, A theoretical treatment of this situation
revealed, however, that times of the order of several
milliseconds were sufficient for molecular diffusion to pro-
duce essentially complete homogeneity within the droplet.
Internal salt diffusion was therefore ruled out as a con-
trolling factor in droplet growth, since actual growth
times were known to be of the order of tens of seconds,
Before proceeding further with the development
of the growth equation, it is necessary to formulate an
empirical vapor pressure equation for Ap(0). O is given
in terms of the density and concentration of the solution

by the following relation:

o= {;?/-;;(l?%)}i (17)

In (17) the mass of water, m s equals 1000-1,805 Cl1l, anmd
the mass of salt, mb, equals 1,805 Cl, the chlorinity units
being parts per thousand. Arons and Kientzler's (1953)
smoothed vapor pressure deta are plotted against 6°in Fig.

l, and the following empirical representation is obtalned:

-3.38
Aplo) = 146 PO (18)

Unfortunately, the non-integral power of o~ in
ap( 0°) prohibits analytical integration of (16) at any value
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Fig. 1. Kieatzler and Arons' vapor pressure lowerings for sea

salt solutions presented as a function of sigma (0°=
). The lines are calculated by the equation
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of the humidity, H, besides 1,0. At this value the
integration yields the expression:

RT ML _ Y 598 mLY a_a._ T+C
1‘“(%‘3?'. G 'ﬁée Eﬁ'ﬁ)’ 28T ¥k 29)

S8ince it is necessary to integrate the growth
equation numerically at other humidities, further sim-
plification of (16) is desiradble in order to reduce the
labor iavolved, The difference between Hp  and P, - Ap(o°)
is normally small, hence it is convenient to introduce:

Hpy o =7~
In?._fbr(’) = [(H-i)P, + AP(a-)J[p]

where p = the mean of the ambient and droplet vapar preas-

ures., Also, by ignoring the heat storage within the drop-
let and calling the ratios of Hp / p and po-ﬁp(d')‘/<§

o
unity, equation (16) reduces to

-3.38
d -Aln = te (20)
a-Eﬁg' = i ™

-
" ha (G- A -

Substitution of values of the indicated constants leads

W valiues oOf A which are relatively insensitive to changes
in p. Far example, at 25°C, p can vary from 19 to 24 milli-
meters of mercury which amounts to a variation in A of : 0.7%

about the mean, However, A is quite temperature sensitive,

as 1s shown in the following Table,

i
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Table I

Values of the factor A in equation (20)
at various temperatures

T*C A (/t? soc-ll
0 55
10 83
20 114
30 143

Equation (20) is essentially the same as Howell's
(1949), except that surface tension effects have been
neglected and an empirical vapor pressure function intro-
duced., Before comparison of (16), the more exact form,
with {20), it i3 necsssary tc define the limits of inte-
gration,

The upper limit of &, or its equilibrium value,
is defined by both equations (16) and (20), In each equa-
tion, the right hand side approaches zero as L1460 0035
approaches 1l-H, hence Capproaches infinity asymptotically.,

Comparison of values obtained by

.299
A
03&. = (/"H)

with those calculated by the formula developed by Wright
(1936) reveals that his values are from 3 to 1l4% greater
than those computed by (21). The reason for this discre-
pancy is contained in Wright's (1936) use of a constant
"hydroscopic factor®™ in Raoult's law, McDonald (1953) has

discussed the use of such factors which account for the
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ionic character of salt solutions, and he demonstrates that
considerable error may be introduced either by neglecting
them entirely or by not considering their variation with
concentration, Comparison of the vapor pressure lowerings
of sea salt solutions with those of sodium chloride solutions
reveals that the former exhibit greater deviations from
an ideal completely dissociated solution, i.s. the Bjerrum
g factor is lower over the whole concentration range. This
is undoubtedly caused by the complex nature of solutions of
sea salt, which contains both monovalent and divalent ions.
Since growth originates with a solid particle,
and (18) only applies to solutions, an additional vapor
pressure function must be derived for the initial period of
growth from particle to saturated solution. Unfortunately,
data on the vapor pressures over moist sea salt is unavail-
able, and a reasonable approximation must be employed. Data
reported by Thompson (1932) on the composition of salts
deposited by evaporation of sea water shows that ths final
salt orystalized is bischofite (chlz,é azo). It is there-
fore to be expected that the first water condensed upon a
dessicated sea salt particle will form a film of solution
saturated with magnesium chloride. For the purposes of
this development it is assumed that, during ocrystal growth,
the vapor pressure rises linearly from that above a saturated
magnesium chloride solution to that above a saturated sea

salt solution,

¢ P Nistig b
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Caloculation of the values of 0~ for the orystal
and saturated droplet is also necessary. Arons and
Kientzler (1953) found that a chlorinity of 156 parts per
thousand corresponds to saturation at 25°C, This inform-
ation, when combined with density data from Higashi (1931)
in equation (17) leads to a value of 0,90 miorons
(mioromiorograms) -1/3 for a saturated droplet. Sigma for
the orystal is computed from the density and weight of
hydrated water by equation (17)., The density of sea salt
can be computed from the weights and densities of the salts
present in the mixture, This is acoomplished by ocaloculation
of the relative weight and volume of each salt present and
by division of the total weight by total volume of salts.
Using the data reported by Thompson, a value of 2,06 grams
per cubic centimeter is obtained. The value of O caloculated
from this density is 0.50 microns (micromicrograms)-l/a.
The International Critical Tables give 33% as the value of
relative humidity over saturated "8012 solution. Making
use of equation (18) and the values of J” estimated above,
one obtains the following expression for the vapor pressure
during the change from orystal to saturated sea salt solution,
i.e. ror the range 0.50< "< .90

bplr) = Po(1:25 =Libc) (22)

Substitution of (22) into (16), evaluation of the constants,

and integration, result in the following equation, whioh

r‘*““*wua
- |
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gives the scaled time, Z, , for growth to a saturated sea

salt solution at 25°C.

H—.33
To 2 (-OOIS "‘00043H> -.%*—(H-hzs) In H—,%J -,0017

Values of Z'aoomputod by (23) are listed in Table I1I.

Table II

Scaled time for growth of sea salt particles
to droplets of saturated solution as a
function of rslative humidity.

= [ )
T, = 25°
-2
H T. ,s00 (Ah gm) /3
.85 . 0077
.90 . 0057
.92 . 0052
e . 0048
.96 . 0041
.98 . 0041
.99 . 0040
1.0 .0038

The numerical integration of the growth equations
(16) and (20) was performed by the usual trapezoidal area
method. By substitution or:-{ rorg-gin (16) and (20) ana
ochoice of a suitably small increment 40 (.01 - ,05 microns
(xnicromj.orong.'laums)."l/3 ), AT was obtained from the mean value
of 2‘.’"1:1 the interval 4¢”. The sum of the preceding incre-
ments, AT , gave the value of T for a given &~ The results

of these integrations are presented in Tables III and IV,
and Pigs, 2 and 3,

AvA i ikl l

(23)

5 Sl

[YPTRE el



2 )

——— < ——. o - o 55 - e

- 15 =

Comparison of equation (19) with equation (20) at H= 1,0
(excluding T, for growth of orystal)

o T (1) T2 ‘l’lu) ¢ (20)
“ (g ).5 s:::.. e a;';': o 3 I::;:S .sI' y 2:;53
.9 0 0
1.0 0036 . 0039 . 0035 <0045
1.2 . 0184 .0196 .0176 .0222
1.4 . 0501 . 0525 0471 . 0595
1.6 «111 «11bh 103 .130
1.8 215 0222 «199 0252
2,0 . 384 . 396 « 355 o b &9
2.2 . 648 . 665 «596 o754

The close agreemont between the results obtained
with equations (19) and (20) justifies the use of the
simpliried form, equation (20), in subsequent calculations,

N
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Table IV
Values of T sec ( 4 & gm) =213 for growth of sea _, /4
salt particles to selected valuea ofO' A ps e gm) !
' at selected humitities ; = 25°, All values
computed by oquadon (20)
A o Relative Humidity
|
(85 | .90 | .92 | .9 96 | .98 | .99 L0
.90 . 0077 . 0057 . 0052 . 0048 « 0044 . 0041 . 0040] . 0038
.92 . 0101 . 0069 . 0062 . 0057 . 0052
94 .0136 .208b .OQZ% 0063 002%
.98 . 0316 .0123 . 0104 . 0092 0082
1,00 .0150 .0124 . 0107 .009h . 0085 . 0081] . 0077
- 1.05 .0256 . 0190 0157 .0134 . 0120 .0111| . 0105
1.10 .0560 . 0302 0227 .0186 . 0162 Olh% 0140
1.15 .0535 .0337 . 0257 .0216 .0196| . 0182
l . 1.20 .0510 .0353 | .0283 | .0255{.0234
1,25 . 0854 . 0488 . 0368 .0326 .0296
1,30 . 323 .0676 0475 «0414] ,0370
1. .5 . 0975 . 0610 .518 | . 0459
1. 40 .150 . 0782 . 0645] . 0563
1. 45 314 .100 . 0802 , 0685
1,50 . 129 . 0992| , 0827
1.55 . 167 .122 | ,0992
1.60 .218 .150 | .118
1,65 «291 184 | . 140
1.70 .hOO 224 | . 165
h 1.75 .603 | .274 |.193
1. 80 1.32 L3358 | . 228
1,85 . 410 262
1.90 .501. .303
1.95 624 | . 348
2,00 .782 | . 399
2.05 1.00 o 1457
2.10 1,32 . 520
2,15 1.85 |.591
| 2.20 3.35 | .669
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II1 Measurement of growth rates

To test the validity of the derived growth equa-
tions, it was necessary to observe the size of a growing
sea salt particle as a function of time under known con-
ditions., The principal condition was that the relative hu-
midity be changed nearly discontinuously from a value below
78% where the nucleus is essentially a dry crystal to a con-
stant measurable value above 78%, which will cause growth,
Also, it was necessary that a constant temperature and air
flow be maintained during growth,
A, Apparatus

A scuemavic aiagram, and pictures of an apparatus
which fulfilled these conditions, are presented in Figs. 4
and 5, The principal components were: (1) a system to pro-
vide a continuous flow of air of constant humidity; (2)
measuring units consisting of a flowmeter and psychrometer;
(3) a microscope and special stage to permit observation of
the growing particle,

(1) Basically the humidity system was of the divi-
ded flow type outlined by Wexler and Brombacher (1951)., The
desired humidits was cbtalined by recombination of a divided
air stream, one portion of which was saturated, and the other
dessicated., The humidity was controlled by adjustment of the
relative flow in the two branches by means of a nesdle valve
in the dry branch,

A pumped stream of room air, which had been filtered
and dropped tc a constant pressure by the first water bubbler,

was divided. One part passed through a coarse sintered glass

5 bt et oot o snend et e -
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fritt and rose as small bubbles through a heated column of

AR e

water, thus becoming saturated with water vapor, Any con-
densed or sprayed water was removed by a trap attached to

the saturator, The other portion of the stream passed through
the regulating needle valve and a silica gel drying tower. A
small glas: wool filter insured mixing of the recombined air
stream as well as removal of any silica dust. A second bubbdbler
protected the system from variations in downstream flow which
would upset the flow balance between the wet and dry branches,

(2) After passing through the generating system thse
uir stream normally flowed through a proportioning valve and
riowmeter, The proportioning valve was essentially two needle
valves coupied together so that closure of one resulted in
opening of the other, Incoming air was thus divided, one part
being exhausted into the room, the other being sent on to the
flowmeter, The flowmeter consisted simply of a capillary re-
striction bridged by a manometer filled with butyl sebacate,

At high relative humidities the pressure drop across these units
prohibited their use, therefore a by-pass was provided,

The construction of the next unit, the psychrometer,
i5 sLowia in the detail drawing in Figure 4L, This and the rest
of the apparatus was constructed mainly of glass tubing for the
purposes of cleanliness and low heat conduction, The two one
millimeter jets were necessary to insure a high velocity of a
flow past the wet and dry thermocouple junctions, The copper-
constantan thermocouple was similar to those described by

Powell (1936) and had essentially the same response charac=-
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teristics. An important construction detail was the use
of silver solder at the junctions to eliminate stray electri-
cal effects caused by hydrolysis or ordinary solders. The
wick was formed by wrapping the wet junction and one centimeter
of each lead with #60 cotton thread. The thermocouple leads
were connected to a Leeds & Northrup D, C., Amplifier and
Speedomax recorder (not shown in Figure 4). The amplification
was such that 100 microvolts input (81% relative humidity at
25°C) gave a full scale deflection,
The psychrometer and the tubes leading to and from
it were normally protected against radiation heeting b7 a
thick covering of glass wool as well as an aluminum foil shield
between it and the observer., The outlet tube led directly
to the microscope stage through a short length of rubber tubing.
(3) PFigure 4 also includes a detail drawing of the
microscope and the humidity switching mechanism mounted on the
stage, The significant construction details were as follows:
The altered lens system was necessary to allow a magnification
of 625 diameters with a 1 centimeter working distance, The
real image formed by the 6X primary objective was viawad and
magnified by a fixed, shortened miocroscope consisting of a 10X

objective and 15X eyepiece. The droplet diameter was read on

a calibrated eyepiece reticule,

The spider web carrying the experimental particle
was located at the tips of the brass holding rods, Dessens
(1947) procedure for obtaining and mounting spider webs was

employed., The salt particles were obtained by pussing the
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webs and holder through mist formed by atomizing Woods
Hole sea water,
Tapered glass tubes, (one connected to the humid

air supply, the other to a compressed air line), were mounted

on a slide which served as the humidity switohing system,

The extrems positions of the slide were fixed by set screws
80 that the salt particle under observation was bathed either
by air of a known high humidity or by relatively dry air of
30 to 4O percent relative humidity. The size of the tubes

(1 centimeter inside diameter) in relation to ths droplet

size (.001 - .01 om) and the proximity of the droplet to the
mouth of the tube (approximately .08 om) insured that the

1 - particle was surrounded by undiluted air flowing from either
tube almost immediately following & shift of tubes, The

slide and the stage adjustments were provided with long

! handles to remove local heating effects, For the same reason,
light from the microscope lamp was filtered through a dilute

solution of copper sulfate,

Prior to the development of this humidity switcker,
“ a number of measurements were made with enclosed tubes contain-
ing the droplet., The humidity shift was obtained by flushing
out the dry air initially present in the tube with a known
flow of moist air, However, simply experiments with ink

flushing out a plug of water showed that the time necessary

s for nearly complete replacement was of the same magnitude as
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the growth timo.l

The time measurement was performed by means of the
scale marking pen of the Speedomax recorder; the initial
mark indicated the humidity shift at the start of the run,

and succeeding marks corresponded to diameter readirgs. A

;
g
f
|
|
i

chart speed of 1 inch per minute permitted time estimation

to the nearest second.

B. Calibration of Flowmeter and Psychrometer

l A displacement method was used to calibrate the
flowmeter., The time required to displace three liters of
water by air at atmospheric pressure was meesured., The rates
of flow thus obtained were plotted against the mean of the

c flowmeter readings taken during each displacement, providing
a calibration curve of the meter against flow in cubic centi-
me ters per second, It was found that the average deviation
of the mean flowmeter reading was 0.3 percent over the range

from 2 to 18 cc/sec-l.

i 1 S DAY ¢ GT I

The usual gravimetric methcd was used for calibra-
tion of the psychrometer., Three tubea, the first containing
l 8ilica gel, and the others pumice impregnated with sulfurio
acid, were used to absordb the vapor contained in the air

discharged by the psychrometer, and the weight change over

a period of 20 mirutes was determined, During the absorption,

. lyoodcock (1952) reporta some preliminary growth rates meas-
ured in a chamber which was flushed with moist air. The overly
long growth times he obtained were probably caused by the

inability of obtaining a discontinous humidity change by such
metheds,




the temperature, humidity, flow, and atmospheric pressure
were recorded and averages obtained, The rslative humidity
was obtained directly from the ratio of weight of absorbed
water per unit volume of air to that contained in a unit
volume of saturated air, Comparison of the calculated values
with those obtained from the psychrometer indicate that the
latter were approximately 0,5% low,
C. Experimental Procedure

The derived growth equations predict that the rate
of growth should be dependent upon three variables, mass of
salt, humidity, and temperature, A fourth possible variable
is the rate of air flow past the growing particle, which was

ignored in the development of the growth equation, The de-

sign of the apparatus permitted ths control of three of these,

but since room air of fairly oconstant temperature was pumped
through the apparatus, no attempt was made to investigate the

temperature dependence. The effect of each variable was in-

vestigated independently by keeping the others nearly constant

during a series of measurements, Repeated runs were made at

low humidities to obtain a sufficient number of diameter meas-

urements,

The growth measurements were started when the appar-

atus had become stabilized at a given humidity, This was usu-

ally achieved within an hour after starting the pump, or
within 10 to 20 minutes following a change of needle valve
setting. The stability was generally excellent, in that

humidity changes of 0.5% in a period of half an hour were

4
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rare, whereas the same psychrometer showed rapid fluctuations

of 10 to 20 % when exposed to room air,

(1}
(2)

(3)

(&)

(5)

(6)

The procedure for an individual run was as follows:
The initial diameter, temperature, and flow were recorded,
The slide was shifted, changing the droplet environment
from dry to humid air, and a time mark made simultaneously.
Observations of the changing droplet diameter were made as
rapidly as possible, with a corresponding time mark for
each recorded diameter,
The diameter measurements were continued until it was
certain that an equilibrium diameter had been reached,
The temperature and flow were recorded at intervals during
the run,
The humidity and flow were obtained respectively from the
psychrometric chart and calibration curve, and the mass of
salt was calculated from the equilibrium diameter and hnmid-
ity by the isopiestic method outlined by Woodcock (1949},

After completion of a series of runs on a given salt

particle, the data were averaged to obtain the best possible

experimental value of mass of the particle, and this mesan was

used to scale the dlameter and time measurements in accordance

with equations (12) and (13).

IV

Comparison of experimental results

The experimental results are tabulated in appendix 2,

and plotted in Pigures 6 through 9, A logarithmic time scale

i3 used in these Figures to spread out scaled time values in

the early stages of growth,
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Runs 1-9, represented by the open circles of PFig,
8, were made with a 7,900 micromicrogram particle at rates of
air flow between 7 and 15 om/sec, Similarly, runs 10-17 were
performed with a 16,600 micromicrogram particis at flcws be-
tween 12 and 26 cm/sec.

The same 16,600 micromicrogram salt particles was
used for runs 18 through 53.

The final series of runs, numbers 54 through 60,
were perrormed with a considerably smaller 910 micromicrogram
particle.,

The theoretical curves of Figs. 6-9 were obtained
by graphical interpolation beiween inose oi Fig. 3.

Before discussion of the comparison hetween exper-
iment and theory, it is necessary to estimate the effects of
observational errors upon the data, The scatter of the individ-
ual diameter measurements was caused by the difficulty in
estimation of the changing diameter of the droplet at a given
instant of time., The diameters were read on a reticule with
a calibration of 2.4 microns per scale unit., Thus, if either
edge is estimated to t .2 Of a scale unit, the diameter is
good to g 1l micron, which amounts to z <04 sigma units for
the largest particle observed {16,600 micromicrograms). For

a 1000 micromicrogram particle, the error of an individual

Tl um en) Y/,

The psychrometer introdudes another significant

diamefor measurement increases to

source of error, The calibration indicates that the precision

of a humidity measurement is = 0.5%. The effect of this may
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be estimated directly from Fig. 3 by interpolation between
the growth curves. Errors in sigma of 2 to 6% are possible,
depending upon the humidity and stage of growth, It should
be noted in Fig. 9 that the data tends to fall near the sat-
uration curve, although the measured humidity is from 1 to 2%
less than saturation., These deviations are not surprising
since random heating, slight pressure drops, and condensation
on the tubing walls make the attainment and maintenance of
these high humidities difficult.,

In view of the possibie errors, it is apparent that

the agreement between experiment and theory is generally good,

tha Aawla
v M UMY v A

All icas from the computcd curves ars withian, aad
usually considerably less than, the estimated 1limit of experi-
mental error, Therefore it is concluded that the approximste
growth equation (20) satisfactorily deacribes the growth of
saline particles in a humid atmosphera, The mathematical
approximations, neglect of heat storage effects, and use of
macroscopic diffusion and heat conduction coefficients are
valid, However, the 3 to 1l4% difference between the equilib-
rium scaled radii of equation (21) and these computed by
Wright's (1936) formula indicate that the use of a Raoult's
law vapor preéssure dependence in earlier work led to signifi-
cant error,

The effect of ventiiation was inveatigated in two
series, runs 1-9 and 10-17, In both series separate runs
were made with the same particle and humidity, but with

dirfferent rates of flow, There is no observable variation
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in growth rate over the range of flows measured (7 to 26 om,
sec -1). Below the velocity of 7 cm, soo'l there were indic-
ations of a slower rate of growth. However, it is believed
that this was due principally to the increased time neocessary
for changing the droplet surroundings. Similariy, this effect
prohibited growth measurements on droplets of mass less than
1000 micromicrograms, because of their very short overall
growth time,

When the bypass of the flowmeter was used for runs
at hign humidities, the velocity of air flow was estimaied
to be between 30 and 4O cm, seo-l. No velocity effect was
apparant in the comparison between the data from these runs
and the theoretical curves,

The observed absence of a ventilation effect agrees
with the results obtained by Kinzer and Gunn (1951), They
found that the rate of evaporation of drops falling at terminal
velocities less than 1/2 meter per second was also predicted

by a static diffusion equation.

\'4 Growth under variable humidity conditions,

Bow that the formulations derived in Section II
have been shown to be valid, it is of intez:est to apply them
to problems of meteorological significance., The essential
agreement between the foregoing development and that of FPowell
(1949) and Squires (1952}, and the excellent treatment given
by these authors for conditions prevalling within a cloud,
preclude any great improvement by rediscussion of that phase

of the problem, However, an estimate of the size of droplets
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in sub-cloud air would be of use in upderstanding the role
of salt nuclei in rain formation and visibility.

As an illustration of the use of the growth equa-
tion (20), the equation was applied to the arbitrary situation
of a particle rising at a steady rate from an atmosphere ap-
proximating that near the sea surface in the trade-wind areas
(Tl = 25°C, H= ,65). It is also assumed that the temperature
falls 1 degree centigrade per 100 maters, corresponding to a
dry adiabatic expansion. Since the growth equation is prima-
rily humidity dependent, and only slightly temperature depend-
ent, the initial temperature and humidity conditions are not
oritical, save in that the humidity be less than the solution
point, H= ,78, The use of a dry adiabatic lapse rate makes
the rate of rise nearly proportional to the time rate of change
of humidity, which is the parameter utilized in equation (20),

By use of the specified conditions, equation (20)
becomes:
do . 2X10°A In - Moo
dn v%e,s H (24)

Upon choice of a suitable updraft (1 meter per second) and

o

nucleus size, equation (24) may be integrated to yield growth
curves, DBecause of the dependence of this equation upon indi-
vidual nucleus sizes, and the temporature'dependenco of A, a
crude method of integration was utilized to reduce the compu-
tation time, After initially choosing reasonable values of
scaled radius and humidity, a slope gg was obtalned by eque-
tion (24)., This slope, when expressed in the form of finite

R

e o, 1

B A
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inorements, provided new values of 0"and H, which in turn
allowed the computation of a new slope. Iteration of this
process was used to construct the curves of Fig. 10, The
increments in 0~ and H wers kept small enough so that a sec-
ond approximation of any individual slope was unnecessary,
After a sufficient number of curves at a 1 meter per second
updraft had been obtained, curves at other updrafts were
obtained by a simple shift of variables in (24)., Identical
growth curves wilil be obtained for two different particles
rising at different rates 1if vui/fs the same in both cases,
For example, the growth curve of a 1000 micromicrogram par-
ticle rising at 1 meter per second will be the same as that
of a 2828 micromicrogram particle rising at 1/2 meter per
second,

¥ig. 11 shows the droplet size attained by particles
of the indicated masses at the saturation level (cloud base)
following a steady rise at the indicated rates, It is apparent
that the rate of rise does not greatly affect the droplet size
attained by the more numerous small particles. Consequently,
it 1s to be expected that most of the 1 meter per second curves
of Figs. 10 and 11 would apply under normal atmospheric con-
ditions, even with erratic updrarts and variable initial ocon-
ditions.

The apparent growth of all particles of mass less
than 50 micromicrograms to a radius of about 5 microns coin-
oides with Howell's findings that very small nuclei generate

a narrow spectrum of droplet sizes, This is presumed to be
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caused by rapid growth of these particles to an extremely
dilute droplet, the growtlh of which is thenceforth almost
independent of the mass o1 the original iLucleus,

In FPig. 11 a racdius of 15 microns or more is
attained by particles of mass greater than 400 micromicrograms,
which are present in trade-wind regions in nuxztears comparable

to raindrops (500 - 5000 per cubic meter, Woodcock, 1952).

These particles are of sufficient size to grow at an appreciable

rate by accretion of smaller droplets, The accretional rate

of growtih, as estimated by Houghton's (1950) curve, is approx-
imately a tenth to a hundredth of the condensational rate for
nuclei of the sizes indicated by Fig. 11, However, the accre-
tional rate rapidly increases, while the condensational rate
decreases with increasing droplet size. This would make it
probable that condensational growth within the cloud layer

is of secondary importance to the process of accretional growth

in the formation of raindrops upon salt nuclei,
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Fig. 11.

RADIUS CF DROPLET Y

The calculated radius of sea salt droplets at cloud
base (H = 1.0) presented as a function of nucleus
mass and rate of rise. The initial conditions are the
same as those of the preceding Figure.
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APPENDIX I
Table of Symbols and Constants

A
O i ik o u Ao o Ly Bt it Sac R g Lot

q = quantity of water vapor (gm)

-

Q = quantity of heat (cal,)
[gﬁl = vapor density gradient (gm cm
[g,]r— temperature gradient (deg EKelvin om 1)

R' = radial distance (cm)

4)

D = diffusion coefficient of water vapor in air

(om 2 seo'll

w
"

heat conduction coefficient of moist air
cal om © secl deg-l

specific heat of water at constant pressure
(cal gm-l deg'l)

temperature of surrounding air (deg)
temperature of droplet (deg)

vapor density of surrounding air (gm cm'3)
vapor density of droplet at temperature of
droplet (gm cm-B)

vapor pressure of surrounding air (mm Hg)

vapor pressure of droplet of temperature of drop-
let (mm Hg)

vapor pressure of droplet at temperature of sur-
rounding air (mm Hg)

time (seconds)

m = mass of droplet (gm)

m; = mass of salt particle (gm}

— - b ———
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Mass of water in droplet (gm)

r = radius of droplet (om)

C
s A SR
) .
[

'Ds = density of solution comprising droplet (gm cn'B)

L = latent heat of condensation of water vapor (cal gm’l

)

R = gas constant (cal molo-ldog-l or om3(n Hg) n.olo-1 dos-l)
M = mole weight of water (ga molo'l)

0" = sgcaled radius (om gm'1/3 or M/‘,‘r&m)-]’/B)

scaled time (sec sm'z/B or sec (/l/gm)'znl

vapor pressure lowering (mm Hg)

fractional relative humidity

saturation vapor pressure (mm Hg)

SPEDR TR DU I YRR W0 eI o
o o
o i o T
[} H " "

0'11 = equilibrium scaled radius
T, = scaled time for growth from dry orystalline mass
- to droplet of saturated solution

l V = rate of rise of particle (meters seo'l)

‘ K . g rat e Aewie = Y el el e -~ e . — - ey -

s pede ¢
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APrENDIX II

Experimental data

mg = 7,900 Aym grams average

RUN 1 RH = .909 T = 29.0°C
d = 2r o . Lt
A 4l pmgn sec
33.6 .84 3
40.8 1.03 9
45.6 1.15 19
RUN 2 RH = .909 T = 29.0°C
40.8 1.03 5
43.2 1.08 11
L5. 4 o Lk 22
45.6 1.15 L3
RUN 3 RH = .909 T = 29.0°C
40.8 1.03 7
43.2 1.08 1%
L5. 4 1.14 25
4L5.6 1.15 37
RUN 4 RE = ,909 T = 29.0°C
38.4 0.97 <
43.2 1.C8 11
NN 1.11 20
4L5.6 1.15 29
RUN 5 RH = .908 T = 29.0°C
38.4 0.97 5
L1.5 1.04 12
43.7 1.10 19
Lh. L 1.11 25
4L5.6 1.15 35
RUN 6 RH = ,907 T = 29,0°C
38.4 0.97 5
42.0 1.05 12
INRR 1.11 20
L5.6 1.15 35

v

]

14.9 om sec”

sed;fagxt'sm7§

1

.0076
.023
.048

14.9 cm gec !

.013
.028
.056
.108

14.9 cm sec-1

.018
.035
.063
. 096

12.1 cm sec'l

.013
. 028
.051
.073

12.1 cm sec'l

.013
.030
.0L8
.063
. 088

8.3 cm sec™1

.013
.030
.051
. 088
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RUN 7

RUN 8

RUN 9

RUN 10

RUN 11

A\t
>
&

RE
LI

&
L ] .u. L ]
SEhhwoe

.903

. 905

. 889

. 889

0. 87
1.04
1,08
1,11

29, 0°C

29,0°C

3
10
17
26

v

8.3 om sec1

=
. 015
.033
.051
116

6.9 cm sec~l

.013
.033
0063
.126

6.9 s sec”l

. 0076
. 025
- 043
. 066

16,600 ux grams average

T = 23.6-23.7°C V = 26.0 cm sec™ !

<9
.035
. 070
.11
<125
sl
.13
<135
<14

b b b

6
12
20
31
L6
60
94

129
161

. 0092
.0185
.031
. 048
.071
. 092
<145
. 199
.25

T = 23.7-23.8°C V = 26.0 cm sec-1

.90
1.055
1.09
1.125
1.13
1.135
1,14

6
14
26
37
Li
62

100

. 0092
. 022
. 040
. 057
L) 068
.095
<154

o M iy i . i i TP
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RUN 12

RUN 13

RUN 14

RUN 15

RUN 16

57.6

Lbi.5
52.8
55.2
56.2
57.1
57.6

46.8
53.5
56.5
57.6
58, L
58.8

.889-.890 T = 23,8-23,9°C V =

.890

. 890

. 890

. 891

0'

. 80
1.035
1.08
1.13
1.13
1.135
1.135
1.13
1.13

Ti=

. 80
.01
.07
.08
Sl
.12

.13
o =

= b e

.85
1.05
1.09
1.125
1.12

T =

. 87
1.035
1,08
1.10
1.12
L2

T =

.92
.05
11
013
<14
015

=

23.9¢°C

23.9°C

23.9°

*_

3
13
21
35
47
70
94

142
171

(4

. 0046
. 020
032
- G54
3 072
.108
- 145
.22
.26

23.5 cm sec

. 0046
.0185
.032
.051
. 099
.151
.22

21.1 cm sec

. 0062
.023
.035
. 051
. 063

17.9 ¢cm sec”1

. 0077
.023
.032
. 052
. 069
L4 088

15.9 cm sec

. 0077
.0185
.034
- 054
. 069
.112

23.5 om sec~1

-1

-1

-1



RUN 17  RH = .893 T = 23.8°C V=11.9 om sec !
a= 2r e b i
48.0 .94 6 . 0092 :
53,3 1.045 13 .020 ;
57.1 1.12 22 .034 i
57.9 1.135 32 . 049 :
58, 8 1.15 L8 . 074
59.0 1.155 59 . 091 | &
RUN 18 RH = .961-.964 T = 22.7°C V = 23.4 cm sec~! 5 1
43.2 .8l L . 0061
59. 3 1.15 is .023
62.9 1.23 21 .032
65.3 1.2 28 . 043
67.2 1.31 38 .058
71.0 1.39 56 . 086
72.0 1.41 66 .10
75.4 1.47 96 14
76, 4 1.49 135 .21 ;
76. 8 1.50 176 .27 i
RUN 19 RH = ,957 T = 22.9-23.0°C V = 23.1 cm sec~!
49.2 .96 5 .0076
54,6 1.07 11 . 017
60. 5 1.18 21 .032
62.6 1.22 32 . 049
64. 8 1.26 Ll . 067
66.2 1.29 56 . 086
67.2 1.31 68 .10
69.1 1.35 93 14
70.1 ). 37 125 .19
70.1 1,37 140 .21
70. 5 1.38 184, .28
RUN 20 RH = .969-.971 T = 24.5°C V = 24.9 om sec™l 4
e 3
L5.6 .91 L . 0061 .
55,2 1.08 10 . 015
60. 5 1.18 17 . 026
64.8 1.26 26 . 040
68. 6 1.34 33 . 050
72.0 1.40 51 .093
74.0 1.45 . 80 .12
75.6 1.48 102 .16
76.9 1.50 125 .19
77.3 1.51 154 .235
78.0 1.52 184, .28

h --‘..A_M“



RUN 21

RUN 22

RUN 23

RUN 24

RUN 25

RE = ,963-.969 T = 24,8-24.9°C V = 19.7 cm

4 = 2r

5“. 0
62.4
65.8
69.2
72.0

76.0
78.5
79.2

RH

3

W

L ] . ® ®
oONDDOWNNMNRVEOO

B JPE&s B
" FOHO® "

w
o.
O &

2,
o0}
"

K

=
[ ] [ ] [ ] [ ] L

VWM E WO
VW0 & O &8 D\

—
O
W &

dedadal ool ol ol oy
VAWV £ 0w
O\ DWW RN O

.853-.855 T

.853

.873

.80

L
1,00
1.015
1.02

]
"

.75
.95

.99
1,02

-3
"

.89
.99
1.035

24.4°C

25.2°C

85

15
24

v

n

T
. 015
. 03“
. 050
.072
.10
=%
.17
.26
.28

13.6 cm seo”

. 0076
. 024
-OL4
. 070
. 092
«11
.13
.18
.20
.23
.27

23,0 cm sec”

. 0077
.0185
. 029
. 042
. 062

23,0 cm sec”

. 0077
.0169
.032
. 045

22,0 cm sec”
. 0092

.023
.037

aec‘l

1

1

1

1

N B aaat



- RUN 26 RH = .875 T = 25,2°C V=21.9 cm sec ™t
d = 2r o =t =<
40. 8 .80 i . 0062
50.4 .99 14 . 022
52,6 1.030 20 .031
52,8 1.035 30 . 046
RUN 27 = ,875 P = 25.2°C V= 21.9 om sec™1
36.0 .71 3 . 0046
48,7 .955 9 .0138
51.6 1.01 16 . 025
52.8 1.035 24 . 037
53.0 1.040 37 . 057
RUN 28 = .875 T = 25.2°C V = 21.9 om sec”?
45.6 .90 6 . 0092
50.6 .99 14 . 022
52.8 1.035 24 . 037
53.0 1,040 34 . 052
RUN 29 = .913 T = 25.1°C V = 21.9 cm sec”?
- 43,2 .85 5 . 0077
51.6 1.01 12 . 0185
55,2 1.08 18 .028
56, 4 1. 085 26 . 040
57,4 1.125 32 . 049
57.6 1.13 41 .063
58. 6 1.145 5k .083
RUN 30 RH = .915-.916 = 25,1°C V = 22,0 cm sec-1
40. 8 . 80 3 . 0046
49.2 .965 8 .0123
54,5 1.07 15 .023
55,7 1.09 22 .034
57.6 1.13 33 . 051
58.6 1.145 L3 . 066
58. 8 1.2 5% .083
RUN 31 RH = .916 T = 25,0 V = 22.0 om sec~l
39.6 .78 2 .0031
52.8 1.035 6 . .0092
= 55,2 1.08 18 . 028
57,4 1.125 26 . 04,0
57.6 1,13 38 . 059
- 58,1 1.14 L6 .071
58.8 1.15 60 . 092

-



*.'-i--......Hl...llhnﬂlﬂllI---u---n-n.u

. - G R P SR R £,

RUN 32

RUN 33

RUN 34

RH = L ]

L5

<943

. 990

T=
o~

.90
1.035
1.13
1.175
1.21
1.23
1,27
1,28
1.29
1.3¢
i.31
1.30
l- 31

T =

b b

[ ] [ ] L] [ ] [ ] [ ]
WW NN NN OO
N~ 0\ D 0B\ 3B \W

)
|

L[]
OVVOVRBRE IO NWNE T WN O
HRUWRWOWRWM KWK OO MNMRWYO

S ol ol o o o o o o e e e e e e e

25.0°C

25.0°C

105

= 25. ooc

11
18
26
36
L5
54

79
88
97

110

143

163

184

202

217

260

v

v

v

21,5 cm sec~1

X

. 0062
0154
. 026
.037
.051
. 065
] 083
111
<143
.22
.25
.32

21.5 om gac-1

. 0062
. 0169
0028
] 039
- 049
. 063
. 080
.105
0131
.162

22.4 om sec1

. 0008
. 017
.028
. 040
. 055
. 069
. 083
. 097
.118
.135
«15
» 17
.22
.25
.28
.31
.33
.40

-
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d RUN 3, RH = .990 T = 25.0°C V= 22.4 om sec™1
(Contd.)
4= 2r 0~ _t T
105. 4 2.07 292 45
’ 107.8 2.11 239 .52
110.2 2.16 385 .59
111.6 2.19 423 .65
112.8 2.21 L42 .68
115.2 2.26 481, J745
117.1 2.30 529 .81
118.8 2.33 576 .89
120.0 2,35 610 .94
RUN 35 = ,856-,857 T = 24.5-24.6°C V = 24.0 om sec~l
40.8 .80 I .0062
49.2 .965 12 .0185
50. 4 .99 17 .026
50.9 1.00 28 .043
51.6 1.01 Ll .063
) RUN 36 BRE = .856 T = 24.6°C V= 2,0 cm sec™!
40.8 .80 3 .0046
48.5 .95 9 .0l
= 50, 2 .985 16 . 025
51, 1.01 22 .03
RUN 37 = .854-.855 T = 24.6-24.7°C V = 24.0 cm sec~1
40.8 .80 3 . 0046
50.2 .985 11 . 017
50.9 1.00 ).8 .028
51.6 1.01 26 .040
RUN 38 = .839 T = 24.7°C V=240 cm sec™1
38.4 .75 4 . 0062
L8.0 .94 9 014
50,6 .99 17 . 026
RUN 39 RH = .837 T = 24.7°C V= 24,.0 cm sec }
40.8 .80 4 . 0062
48.0 .94 10 .015
§ 50,2 .98 16 .025
E . 50.6 .99 26 L0140
:
&
3



RUN 41

RUN 42

RUN 43

RUN 42s

RUN 44

52.8
53.

L3.2
49.9
52,6
54.5
55.2

4L6.8
52,1
52.8
54.7
55.

. 867

. 869

. 886

. 885

1,01
1.03
1.35
1.04

1.08

.92
1,02
1.04
1.07
1,08

25.0°C

25- Coc

25.0°C

25,0°C

25.0°C

=x

. 0062
. 014
. 022
. 042
. 0570

24,0 cm

. 0092
. 017
. 026
.035
.051
. 077

24,0 om

. 0062
.015
. 026
. oh9

2L.C cm

. 0092
. 020
.031
. 046
. 072

24.1 cm

.0062
. 017
. 026

- 055
. 080

24.1 cm

. 0092
. 019
. 026
. 037
.051

24.8-24.9°C V = 24.0 om sec~}

8ec

s8eéec¢

sec”

sec-1

sec”



RUN 45

RUN 46

RUN 47

RUN L8

RUN 49

wn
W
OO

PR B
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N
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. 886 T = 25,0°C

.904 T = 25.0°C

.82
.01
.07
.10
o
.13

. 904 T = 25.0°C

.89
.03
.07
.09
.12
.12
.13

.904 T = 25.0°C

.89
.0l
. 06
.08
.10
.12
.13

b b

b b

e

.932-.934 T = 25.1-

.89
1.04
1.10
1.16
1.19
1,22
1.23
1,26
1.260
1.27

6
10
16
22
28

39
60

25.

6
11
17
25
31
42
55
67
96

129

2°C

24.1 cm sec”

2

2

2,.0 cm sec”

v

1

.

011
.023
.032
.046
.060

L.0 cm sec™1

. 0046

. 015

.028

.04 .

. 055 |
. 072

L.0 cm sec™1

. 0092 ;
.018 4
.031 !
. 043
. 057
.079
.095

1

. 0092
.015
. 025
. 034
- 043
. 060
. 092

= 23.8 cm gec™ L ?‘

. 0092

. 017

.026

.039

. 048

. 065

.103 I
.148 :
.198



RUN 50

RUN 51

RUN 52

RH =
4 = 2r

4L0.8
51.6
55.7
57.6
61.2
62.4
63.6
6“.1
64.8

RH =

b,
62,
69.
75.
81.
85.
86.
91.
9.
98.
101
105
109
113
115
117

VDWWV NONRONE &

RE =

<934 T =

2

.80
1.01
1.09
1.13
1,20
1,22
1.25
1.26
1,27

.997-.999 T

.87
1.22

e o o o6 o o o o o
WWONFOWOVORTIOOOEF\W
COONNEFEORWOAOVRIOVI

N S N e ol o e e

.978-.982 T

.92
1,15
1.25
1.29
1.39
1.49
1.55
1.61
1.71
1.74
1.78
1. 84
1.90
1.94
1.98

25.2°C

v

23.8 cm seo 1

X

. 0046
. 014
0023
.034
- 049
. 065
. 082
.10
.15

= 23,5-23,6°C V = est,.30-40 cm sec-1

5
16

36

65

33
101,
125
155
196
231
294
335
L75
521
550
614
685

.0077
.025
. 055
.10
.13
.18
.19
.24
.30 5
. 36 :
45
.52
1.3
. 80
.85
.94
1.05

)

= 19.6-20.1°C V = est.30-40 cm sec~l

5
13
21
31
40
6C
74
9

126
145
165
199
238
267
295

.0070

. 020

.032 1
.oL8
. 062
.092
.11

14

.19

.22

.25

~31

.38

o bl

45

e b 0
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RUN 52
(Contd. )

RUN 53

RUN 54

RUN 55

RUN 56

RUN 57

RH =

.978-.982 T = 19,6-20.1°C V = est.30-40 cm sec~1

d = 2r

103
106
108
110
113
115
118

RH
48.

6h.
66.
T4,
76.
81.
83.
86.
88.
91.

96.

OOV ONMONMNOFTEOO

RH

19.
21,

::
ot OO

21.

21.6

RH

23.0
24.
24,7

OO
L] L ] L ] L]
N
N

.978-.682 T

b e b b
[ ] L ] L ] L ]

¥

O

1.88

%
34,8
412
467
521
582
867
745

= 20.6-20.9°C

m = 910/Ava- grams average

. 898

. 898

. 898

.938

T =

1,02
1.11

25.0° C
5
16
25.0°C
L
25,0°C
6
ZS.L‘ZS.SOC
5
14
23

v

v

v

v

X

.5k
.63
.72
.80
.90
1.03
1.15

V= 26.5 cm sec1

. 0092

.023 |
037
001‘6
.085
.11
.15
.16
.21
025
.28
.38
W7

rORAPNIEEIIS) | gy g e M e

est. 30-40 cm sec'l

- 053
.170

est.30-40 cm sec~1
043
est. 30-40 cm sec”

. 064

- o by

1

= est,.30-40 cm sec~1

.053
- 149
< 2LL4



- RUN 58 REH = .959 T = 26.0-26.1°C V = s3t.30-40 om sec™?!

d = 2r o t z
22.8 1.17 L .043
27.6 1.41 12 .128
28.8 1.48 23 L2414
29.3 1.50 35 . 372
29.6 1.52 51 .54
30.0 1.54 8l .89
RUN 59 RE = .957-.959 T = 26.1°C V = est.30-40 cm sec™1
21.6 1.11 3 . .032
27.6 1.41 12 .128
28.8 1.48 29 .308 §
29,32 1.50 37 . 394 1
30.0 1. 54 59 .63 i
RUN 60 RH = .980-.982 T = 26.6°C V = est.30-40 cm sec™1
22.8 1.17 3 .032
28.8 1.42 1 . 117 i
2 31.2 1.60 21 224 ;
32.9 1.68 30 .320
33.5 1.72 40 425
- 34.8 1.78 56 .595
35.8 1.84 72 .765
36. 1. 85 102 1.08

-—“mﬁ' "'S“;g-fgp.“. - v,
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